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The X-ray crystal structure of neuronal Sec1 from squid sheds
new light on the role of this protein in exocytosis 
Andreas Bracher1, Anastassis Perrakis1, Thomas Dresbach2, Heinrich Betz2
and Winfried Weissenhorn1*
Background: Sec1-like molecules have been implicated in a variety of
eukaryotic vesicle transport processes including neurotransmitter release by
exocytosis. They regulate vesicle transport by binding to a t-SNARE from the
syntaxin family. This process is thought to prevent SNARE complex formation, a
protein complex required for membrane fusion. Whereas Sec1 molecules are
essential for neurotransmitter release and other secretory events, their
interaction with syntaxin molecules seems to represent a negative
regulatory step in secretion.
Results: Here we report the X-ray crystal structure of a neuronal Sec1
homologue from squid, s-Sec1, at 2.4 Å resolution. Neuronal s-Sec1 is a
modular protein that folds into a V-shaped three-domain assembly. Peptide
and mutagenesis studies are discussed with respect to the mechanism of
Sec1 regulation. Comparison of the structure of squid s-Sec1 with the
previously determined structure of rat neuronal Sec1 (n-Sec1) bound to
syntaxin-1a indicates conformational rearrangements in domain III
induced by syntaxin binding.
Conclusions: The crystal structure of s-Sec1 provides the molecular scaffold
for a number of molecular interactions that have been reported to affect Sec1
function. The structural differences observed between s-Sec1 and the structure
of a rat n-Sec1–syntaxin-1a complex suggest that local conformational changes
are sufficient to release syntaxin-1a from neuronal Sec1, an active process that
is thought to involve additional effector molecule(s).
Introduction
Action potentials stimulate nerve terminals to release
neurotransmitters contained in synaptic vesicles by exo-
cytosis. This process is based on a highly regulated cycle
of membrane trafficking events that employ a number 
of molecules common to all intracellular transport
processes. Members of the SNARE (soluble NSF attach-
ment protein receptor) family have a crucial role in the
priming, docking and fusion of synaptic vesicles with the
plasma membrane [1]. Prior to fusion, v-SNARE
(vesicle) and t-SNARE (target) molecules positioned on
opposing membranes [2] must be aligned in a parallel
fashion so as to bring membranes into close apposition, a
process that has been proposed to drive membrane
fusion [3–6]. Tethering and docking of a transport
vesicle at the target membrane precedes the formation of
the core SNARE complex. After the initial docking of a
synaptic vesicle, the complex is thought to undergo a
number of molecular rearrangements, which prepare it
for Ca2+-triggered neurotransmitter exocytosis [7,8].
Following fusion, the ATPase NSF (N-ethylmaleimide-
sensitive fusion protein) disassembles SNARE complexes
in the presence of SNAP (soluble NSF attachment
protein) [1,9–11]. This action of NSF serves to regenerate
SNAREs for new cycles of exocytotic vesicle fusion.
SNARE disassembly by NSF might occur even prior to
fusion and has been implicated in the regulation of neuro-
transmitter release kinetics [12].
The complex interactions of SNARE proteins call for
tight regulatory mechanisms, and indeed a large number
of SNARE-interacting proteins has been identified [13].
All intracellular membrane fusion processes involve Sec1
proteins, which were first shown to be essential for exo-
cytosis in yeast [14]. Since then numerous Sec1 homo-
logues that participate in different transport processes in
eukaryotic organisms have been identified (reviewed in
[15]) including a neuronal squid homologue s-Sec1 [16].
Sec1 molecules bind to t-SNARE homologues of syn-
taxin with high affinity [17–23] and block SNARE
complex formation [24]. A recent crystal structure of a
complex formed between rat neuronal Sec1 (n-Sec1) and
syntaxin-1a [25] confirmed the suggested closed confor-
mation of syntaxin family molecules [24,26–28]. This
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provides further structural evidence that syntaxin has to
undergo a conformational change to participate in
SNARE complex formation [25].
Genetic studies of Sec1 homologues suggest a positive
function in exocytosis, and mutant analysis revealed
severe defects in both neuronal and non-neuronal secre-
tion [29–33]. Therefore, it was suggested that Sec1–syn-
taxin-1 interactions regulate secretion positively [34].
However, studies with the Drosophila Sec-1 homologue
ROP indicate both a positive and an inhibitory role for 
n-Sec1 in neurotransmission [35–37]. This is in agreement
with findings supporting a dual role for s-Sec1 at distinct
steps of neurotransmitter exocytosis [16]. Recently gener-
ated n-Sec1 knockout mice support the fundamental role
of n-Sec1 in secretion; n-Sec1-deficient animals show a
complete block of neurotransmitter release although the
development of brain structures is not impaired [38].
It is generally thought that Sec1 proteins bind to syntaxin
proteins prior to SNARE complex formation, and that sec-
ondary signals trigger its dissociation [24]. Tomosyn and
unc-13 were reported to cause the dissociation n-Sec1
from syntaxin-1 by forming intermediate complexes with
syntaxin-1 prior to SNARE complex formation [39,40].
The interaction of Sec1 with syntaxin-1a might also be
regulated by phosphorylation through cyclin-dependent
kinase 5 (cdk5) in rat brain, as phosphorylation-induced
disassembly of a Munc18–syntaxin-1a complex has been
demonstrated in vitro [41,42]. In addition, protein kinase
C (PKC) has been implicated in the phosphorylation of 
n-Sec1, a reaction that was suggested to underlie PKC
activation of neurotransmitter release [43–45]. Further-
more, the small GTPases of the Rab family, known to be
involved in all vesicle transport processes, are thought to
cooperate with Sec1 proteins in vesicle recruitment, teth-
ering and docking processes [46–52].
Here, we report the three-dimensional structure of 
s-Sec1 from squid. This neuronal Sec1 protein has two
domains characterized by an open α/β-sheet fold, and a
third domain composed of a five-helical bundle and a
long outwards protruding helical hairpin, resulting in a
V shaped molecule. We discuss the structure with respect
to peptide inhibition studies, mutagenesis data and the
results of phosphorylation studies in the context of
potential protein interactions attributed to different Sec1
family members. We compare the s-Sec1 structure to the
recently reported structure of the rat n-Sec1–syntaxin-1a
complex [25]. Differences between the liganded and free
structures allow us to draw conclusions about how syn-
taxin-1a might be released from Sec1 to participate in
SNARE complex formation.
Results and discussion
Structure determination
Recombinant selenomethionine (SeMet) derivatized neu-
ronal s-Sec1 was expressed in Escherichia coli, purified and
crystallized as described [53]. The structure was solved by
a multiwavelength anomalous diffraction (MAD) experi-
ment (see Table 1 and Materials and methods section).
The experimental map resulting from the MAD phases
was improved by density modification with solvent flat-
tening, histogram matching and phase extension to 2.4 Å
resolution by cross-crystal averaging of the MAD data with
a data set collected to 2.4 Å resolution from a different
SeMet crystal. The maps (Figures 1a,b) were of sufficient
quality to build an almost complete initial model. The
final model containing 546 residues and 69 water mol-
ecules was refined to an R factor of 24.0 and an Rfree of
27.7. Three loop regions (containing residues 264–274,
313–320 and 509–533) were disordered (Figure 2a).
General architecture
s-Sec1 is a three-domain V-shaped assembly with approxi-
mate dimensions of 80 × 80 × 90 Å (Figure 2a). The two
N-terminal domains (I and II) are α/β twisted open-sheet
structures with α helices on both sides of a five-stranded
parallel β sheet. In domain I (residues 2–132), connections
to opposite sides of the β sheet are formed by adjacent
β strands 1 and 3 (Figures 2a,b). In domain II, β strands 6
and 7 are at the edge of the five-stranded parallel β sheet
and an unusual left-hand turn connects β strands 7 and 8
towards the centre of the sheet. This arrangement leads to
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Figure 1
Experimental maps of s-Sec1. The maps are
contoured at 1σ and focus on a region of helix
1 (in domain I) and its contacts with domain II.
(a) Experimental electron-density map
calculated with MAD phases to 3.2 Å
resolution. (b) The same region after cross-
crystal averaging and phase extension to
2.4 Å. This figure was created with the
program O [73].
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the insertion of domain III between β strand 8 and helix 22
of domain II (Figure 2b). A loop (residues 509–533) con-
necting helix 22 and β strand 11 is disordered. Domain I
shows structural homology to a number of known mol-
ecules with a conserved nucleotide-binding fold. The
closest match obtained with a DALI search [54] was for
hypoxanthine phosphoribosyltransferase, with a mainchain
root mean square deviation (rmsd) of 3.1 Å (for 110
residues). This structure is also related to domain II (rmsd
of 3.2 Å; for 106 residues) despite its different β-strand
connectivity. Although we cannot localize a potential
nucleotide-binding motif in s-Sec1, it is noteworthy that
the yeast Sec1 homologue, Vps33, involved in vacuolar
protein sorting [55] has been reported to bind ATP, a
process that alters the localization of Vps33 in the cell [56].
Deletion of residues 661–674 at the C terminus of Vps33
has been shown to decrease ATP binding [56]. However,
the C terminus locates to the interface of domain II and III
in the crystal structure of s-Sec1, and changes in this region
of Vps33 might have influenced the folding and stability of
the molecule. Domain III forms the base of the V-shaped
structure. Residue 234 connects to an arrangement of short
Table 1
Data collection and phasing statistics.
Crystal 1 Crystal 2 (Peak) Crystal 2 (Remote) DMMULTI#
Data collection
Wavelength (Å) 0.9393 0.9790 0.8855
Maximum resolution (Å) 2.4 (2.5–2.4) 3.2 (3.3–3.2) 3.3 (3.4–3.3)
Rmerge* 0.055 (0.305) 0.039 (0.151) 0.063 (0.341)
Completeness (%)† 99.2 (99.2) 99.6 (99.7) 67.0 (67.1)
No. reflections 116,511 49,281 22,611
No. of unique reflections 60,329 25,181 15,455
<I/σ(I)>† 11.1 (2.4) 18.7 (4.7) 12.0 (3.3)
f′ (e–) – –7.68‡ –1.46
f′′ (e–) – 6.76‡ 3.22
Phasing statistics
Resolution (Å) 25–2.4 30–3.2 – 25–2.4
Figure of merit§ 0.412 0.576 – 0.705
*Rmerge = ΣhΣi|Ii(h) – <I(h>)|/ΣhΣiIi(h), where Ii(h) is the ith observation
and <I(h)> is the mean of all measurements of I(h). †Values in
parentheses are for final shell. ‡Values calculated with the program
CHOOCH (G Evans and RF Pettifer, unpublished). §Figure of
merit = <|ΣP(α)eiα/Σ|P(α)|>, where α is the phase and P(α) is the
phase probability distribution. #Phasing statistics after cross-crystal
averaging using the program DMMULTI [71,72].
Figure 2
The overall fold of s-Sec1. (a) Ribbon drawing
of neuronal s-Sec1. The three domains are
shown in different colors: domain I, yellow;
domain II, blue; domain III, grey. The molecule
is shown in a V-shaped orientation with
domain III (grey) protruding outwards. The
distance between the two arms of the
V-shaped molecule — squid residues Ser49
(domain I) and Pro333 (domain III; helix
15) — is 33 Å as compared with 23 Å in the
rat n-Sec1–syntaxin-1a complex structure
[25]. Secondary structure elements and the
disordered loop regions are numbered. The
region of the peptide Secpep3 is indicated by
two arrows. The figure was created with the
programs Molscript [75] and Raster3D [76].
(b) Topology diagram of the three s-Sec1
domains. Individual domains are colored as in
2a; β strands are represented as arrows,
α helices as cylinders, and 310 helice
as squares.
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helices and β strands that lead to helix 13, which protrudes
outwards. A disordered loop reverses the chain direction to
an ~55 Å long, bent helical arrangement (helices 14, 15, 16
and 17) the last helical segment of which (α17) is part of a
five-helical bundle (Figures 2a,b). Residues 444–482
connect domain III back to helix 22 of domain II in a long
extended conformation lying on top of the five-helical
bundle, which has a right-handed superhelical motif
(Figure 2a). A DALI search with domain III as template
revealed a number of similarities to helical proteins,
including a match of the five-helix bundle to parts of
importin-β (mainchain rmsd of 3.6 Å). However, no other
significant homologies that indicated a transport-specific
function could be allocated.
The spatial arrangement of domains I and II is deter-
mined by hydrophobic interactions between helix 1, the
linker region and helix 8 (Figure 1), and by polar contacts,
involving residues Arg36–Asp145, Lys10–Thr179 and
Glu105–Arg168. Interestingly, the interface between
domains I and II is predominantly negatively charged and
a basic patch is located on top of domain I (Figure 3a).
Domains II and III are tightly packed against each other
via a hydrophobic interface and a number of polar con-
tacts (Arg232–Glu551, Arg232–Gly546, Arg466–Asp486,
Lys467–Asp486, Arg469–Asp486, Arg469–Glu489,
Tyr483–Asp235, Arg553–Glu243, Arg553–Thr245 and
Thr577–Tyr251), which most likely impedes flexibility
between these two domains. The central part of domain
III contacts the five-helical bundle with a salt bridge from
Asp252–Arg404 and forms polar contacts to the linker
region between domains I and II (Ser139–Glu280,
Tyr137–Asp259 and Gln247–Glu138). The residues
accounting for the polar contacts (with the exception of
Tyr483) that link the domains to each other are conserved
in all known neuronal Sec1 homologues. The surface
charge distribution highlights a large negatively charged
region on the inside of the curved structure. This region
involves residues from all three domains that surround a
wide potential effector-binding pocket (Figure 3b).
Structural homology to rat n-Sec1 in complex with
syntaxin-1a
Squid s-Sec1 and rat n-Sec1 show 66% sequence identity
(Figure 4). The crystal structures of s-Sec1 and neuronal rat
n-Sec1 can be superimposed with an overall mainchain
rmsd of 1.9 Å (Figure 5a). This observation confirms that
the tertiary structures of Sec1 family members are highly
conserved from invertebrates to mammals. Domains I and
II superimpose both with a mainchain rmsd of 1.0 Å. There
are more substantial structural differences in domain III,
however, including a change in secondary structure ele-
ments (Figure 4; mainchain rmsd of 2.1 Å). The highest
extent of sequence conservation among Sec1 molecules
corresponds to residues 226–253 of s-Sec1 [16]. Most of this
sequence forms a central part of the protein (Figures 2a,b)
that seems crucial for the integrity of the structure. Inter-
estingly, a poorly conserved loop sequence in domain II
(residues 509–533; Figure 4) is disordered in both the
s-Sec1 and n-Sec1 structures [25]. This region may become
ordered upon interaction with Sec1 effector molecules.
Syntaxin–Sec1 complex formation
Rat n-Sec1 binds to a closed conformation of syntaxin-1a.
Syntaxin-1a is accommodated in an ~23 Å wide opening
between the two arms of the V-shaped molecule and there
are three major n-Sec1 contact regions [25]. Domain I of 
n-Sec1 contacts syntaxin-1a with residues from helix 2 to β
strand 3 [25]. No substantial structural changes occur in
domain I upon syntaxin-1a binding, as evident from a com-
parison of the rat n-Sec1–syntaxin-1a complex and the
unbound s-Sec1 protein (mainchain rmsd 1.0 Å; Figure 5a).
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Figure 3
The charge distribution of s-Sec1. Surface
potential representations of s-Sec1 colored
according to electrostatic potential: < –10
kBT, red; > + 10 kBT, blue (kB, Boltzmann
constant; T, absolute temperature). Exposed
residues are labeled with the sequence
number. (a) s-Sec1 rotated by approximately
90° (with respect to the orientation in (b)) to
indicate the negatively charged interface of
domains I and II. (b) The orientation of the
molecule corresponds approximately to the
one shown in Figure 2a; it shows a prominent
negatively charged groove within the central
part of the molecule. The figures were
generated using the program GRASP [77].
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However, superposition of rat n-Sec1 and s-Sec1 matching
only domain II (all residues) shows a 14° rotation of the
s-Sec1 domain I compared with rat n-Sec1. The linker
region between the two domains remains unchanged and
domain III is rotated by ~6° with respect to domain II.
These small changes may indicate possible hinge region(s)
between the domains; however, the changes may be
induced by different crystal-packing arrangements. The
second major contact region locates to the central part of the
n-Sec1 structure in domain III with residues from β strands
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Figure 4
Sequence alignment of squid Loligo pealei s-
Sec1 (GenBank accession number Y12732)
and rat Rattus norvegicus Munc18/n-Sec1
(L26087). The secondary structure elements
for neuronal s-Sec1 (assigned using the
program DSSP [78]) and rat n-Sec1 [25] are
indicated: α helices and η (310) helices are
displayed as squiggles; β strands are
rendered as arrows. The sequence of the
peptide Secpep3 is highlighted in yellow. Rat
n-Sec1 residues that contact syntaxin-1a are
indicated by blue asterisks [25]. Identical (in
bold text) and similar residues are shown in
red. The figure was created with the program
ESPript [79].
                                                            
   1       10        20        30        40        50       
L.pealei     ... A  TA H        LA   NA                A    H   S           M LK  V EKIMNDVV  VKK  EWKVLIVDQLSMRMVS CCKM EIM EGITLVED
R.norvegicus MAP G  AV G        KK   KG                S    T   T           I LK  V EKIMHDVI  VKK  EWKVLVVDQLSMRMLS CCKM DIM EGITIVED
1       10        20        30        40        50        60
                                                            
                                                            
 60        70        80        90       100       110       
L.pealei              L         T E  KC  A  Q  DNPQ  G       A   E  K  C INRRREPLP LEAVYLITP E SV  LM DF NP    YR AHIFFTE CPE LF EL K
R.norvegicus          S         S K  HS  S  K  PTAK  A       S   A  N  V INKRREPLP LEAVYLITP E SV  LI DF DP    YR AHVFFTD CPD LF EL K
        70        80        90       100       110       120
                                                            
                                                            
120       130       140       150       160       170       
L.pealei      TT  F    K                  P T  V  N S   GGI NK  C        S  AR IKTL EINIAFLPYESQIFSLDS D FQ YY P RAQ   P  ER AEQIATLC
R.norvegicus  RA  V    T                  A S  S  S H   MKN IL  L        S  AK IKTL EINIAFLPYESQVYSLDS D FQ FY P KAQ   P  ER AEQIATLC
       130       140       150       160       170       180
                                                            
            TT                                              
180       190       200       210       220       230       
L.pealei        G   S    S  D   S                         D             IATL EYP VRYR DF ENA FAQLVQQKLDAYRADDPTMGEGPQK RSQLLILDRGFDP 
R.norvegicus    K   A    G  K   L                         A             SATL EYP VRYR EY DNA LAQLIQDKLDAYKADDPTMGEGPDK RSQLLILDRGFDP 
       190       200       210       220       230       240
                                                            
                                                            
240       250       260       270       280       290       
L.pealei                 A             VNT GN VPE       K     E   Q   V  SPLLHELTFQAM YDLLPIENDVYKY   G  E   KEVLLDE DDLWV MRH HIA VS
R.norvegicus             S             ETS IG ARV       D     A   K   E  SPVLHELTFQAM YDLLPIENDVYKY   G  E   KEVLLDE DDLWI LRH HIA VS
       250       260       270       280       290       300
                                                            
                                                            
300       310       320       330       340       350       
L.pealei      N   K    ADE   G AA  AG                                    Q VTK LKQF   KRM T  DK  IKDLSQMLKKMPQYQKELSKYSTHLHLAEDCMKQYQ
R.norvegicus  E   S    SSS   N G.  TT                                    Q VTR LKDF   KRM T  EK  MRDLSQMLKKMPQYQKELSKYSTHLHLAEDCMKHYQ
       310        320       330       340       350         
                                                            
                                                            
360       370       380       390       400       410       
L.pealei     QH                        H  N       QK  A           IH G  S  VDKLCKVEQDLAMGTDADGEKIRD MR IVPILLD  IS YDKIRIILLYI  K GI 
R.norvegicus GT                        P  A       AN  T           FL N  T  VDKLCRVEQDLAMGTDAEGEKIKD MR IVPILLD  VS YDKIRIILLYI  K GI 
360       370       380       390       400       410         
                                                            
                                                            
420       430       440       450       460       470       
L.pealei         A         A  KW  N  Q       Q GGR  IPQ YHTHN    QA      EENL KLVQHAHIP EE  II DM NLGVPII D   RK   P     RKER  DHTYQM
R.norvegicus     N         P  SE  T  A       T STL  RSK ....E    IS      EENL KLIQHAQIP ED  II NM HLGVPIV D   RR   P     RKER  EQTYQL
420       430       440       450       460           470     
                                                            
                                                            
480       490       500       510       520       530       
L.pealei          Y      AA             NGGGPRPSCQQP  V         GQAS     SRWTP MKDIME  VEDKLDTRHYPFL            VS RYGHWHKDK    YKSGP
R.norvegicus      I      DT             STRSSASFSTTA  A         APGE     SRWTP IKDIME  IEDKLDTKHYPYI            VS RYGHWHKNK    YRSGP
  480       490       500       510       520       530     
                                                            
                                                            
540       550       560       570       580       590       
L.pealei                YS   S      T KNN              G  RD    SNP......RLIIFVVGGIS  EMR AYEVTQ A   WEVILGSTHILTPE LL  LRKI         
R.norvegicus            LN   C      . NGK              K  DT    NKTDEEISSRLIIFILGGVS  EMR AYEVTQ A   WEVLIGSTHILTPQ LL  LKKL         
  540       550        560       570       580       590    
                       .                                    
a1  a2  b1  a3  a4  b2  
b3  a5  b4  a6  
h1  b5  b6  a7  h2  a8  
b7  a9  a10  b8  h3  
h4  a11  b9  b10  a12  h5  
a13  a14  a15  a16  
a17  a18  a19  
a20  a21  h6  h7  
a22  
b11  a23  b12  a24  
a1  b1  a2  a3  b2  
b3  a4  b4  a5  
b5  b6  b7  a6  a7  
b8  a8  b9  
a9  b10  b11  a10  
a11  a12  
a13  a14  a15  
a16  a17  
a18  
b12  a19  b13  a20  
                         * *         ** **  ****  **   *****
  ****** **
                    * *      ***  *  ***
              *                 ** ****
Structure
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10 to 11 contacting syntaxin-1a [25]. In the s-Sec1 structure,
parts of the homologous β strands (β9 and β10; Figure 4)
and the connecting loop region are disordered (residues
264–274; Figures 2a and 5b). The structure of the 
n-Sec1–syntaxin-1a complex shows that this region
becomes ordered by contacting syntaxin-1a [25] (Figure 5b).
This part of the structure is preceded by the most conserved
Sec1 sequence element (residues 226–253) which is also
part of a conserved highly negatively charged area in s-Sec1
(Figure 3b) and rat n-Sec1. The third n-Sec1 region
involved in syntaxin-1a binding maps to the region connect-
ing helices 11 and 12 [25] (s-Sec1 helices 13 to 15); here
three major differences are found between the rat and the
squid structures (Figures 4 and 5b). Firstly, the chain direc-
tion of the disordered loops in rat n-Sec1 (residues 317–323)
and s-Sec1 (residues 313–320) differs. Secondly, in the 
n-Sec1 structure this sequence connects to a hairpin-like
loop that forms the tip of the syntaxin-1a interaction site,
whereas in the s-Sec1 structure the equivalent region forms
helix 14 and is part of helix 15. Finally, this region is fol-
lowed by a continuous helix (α12) in n-Sec1 that is bent into
two halves in the s-Sec1 structure (helices 15 and 16)
(Figures 4 and 5b). The remaining secondary structure ele-
ments within domain III are homologous (Figure 4). This
arrangement leads to an opening of ~33 Å in the s-Sec1
structure compared to 23 Å in the rat n-Sec1–syntaxin-1a
complex (the distance was measured between correspond-
ing residues Ser49/Ala52 in domain I and Pro333/Ala336 in
domain III; Figures 2a and 4). However, we cannot exclude
the possibility that a crystal contact mediated by residues
322–324 might have influenced the spatial arrangement of
the helical hairpin in domain III. Together, the observed
differences demonstrate how this region of the structure
could move to accommodate syntaxin-1a binding. This pro-
posed flexibility is in agreement with high B factors in this
region of the s-Sec1 structure. The comparison of the struc-
tures of s-Sec1 and the rat n-Sec1–syntaxin-1a complex
indicates local conformational changes that might be
induced upon effector protein binding and thus trigger syn-
taxin-1a release. Such conformational transitions might be
important for allowing SNARE complex formation [25].
The role of Sec1 phosphorylation
In addition to effector protein binding, phosphorylation has
been suggested to regulate n-Sec1–syntaxin-1a interac-
tions. Cdk5, a member of the Cdc2 family of cell division
kinases, phosphorylates rat n-Sec1 bound to syntaxin-1a at
Thr574, thus causing dissociation of the complex [42]. The
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Figure 5
Structure comparison of neuronal squid s-Sec1 and rat n-Sec1 (as
determined in complex with syntaxin-1a [25]). Superposition of s-Sec1
(red; residues 2–586) and rat n-Sec1 (grey; residues 5–583) excluding
s-Sec1 residues 321–331, 450–465 and 560–566 and the
corresponding rat n-Sec1 residues 324–333, 452–463 and 558–563
shows a mainchain rmsd of 1.9 Å. (a) The rat n-Sec1 residues that
contact syntaxin-1a [25] are shown in blue. The distances between
domain I and the helical hairpin of domain II are indicated for s-Sec1
and n-Sec1. Arrows indicate the three regions that are involved in
syntaxin-1a binding. (b) Close-up view of regions 2 and 3 involved in
syntaxin-1a binding; similar view as boxed in (a) but rotated by
approximately 45°. The disordered loop regions of s-Sec1 and helices
are numbered. The figures were generated using the programs
Molscript [75] and Raster 3D [76].
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homologous residue Thr577 in s-Sec1 is located in a loop
region connecting β strand 12 and helix 24 in domain II
that shows only limited accessibility (Figure 6a). It thus
remains unclear how phosphorylation at this site could
influence a n-Sec1–syntaxin-1a complex [25]. PKC activity
has been shown to enhance neurotransmitter secretion
from nerve terminals [44,45,57]. Rat n-Sec1 residues Ser313
and Ser306 have been identified as potential PKC phos-
phorylation sites that obstruct n-Sec1–syntaxin-1a complex
formation [25,44]. These sites are not conserved in s-Sec1.
However, the squid protein contains a nearby PKC consen-
sus site (301-Thr-Lys-Lys-303; Figures 4 and 5), which
might interfere with syntaxin-1 binding upon phosphoryla-
tion. PKC phosphorylation only occurs after dissociation of
syntaxin-1a from n-Sec1, which indicates that the complex
has to be dissociated by some other mechanism. It has been
suggested that the syntaxin-1a-binding protein tomosyn
might be responsible for the displacement of syntaxin-1a
from n-Sec1 [39]. Unc-13 homologues might have a similar
role by binding to syntaxin-1 and displacing it from n-Sec1
[40,58,59]. Thus, these interactions might be essential for
phosphorylation of n-Sec1 by PKC [39].
Residues affecting Sec1 function
A 24 amino acid peptide fragment (Secpep3; residues
466–489) from neuronal s-Sec1 has been shown to block
neurotransmitter release in vivo [16]. The sequence of
Secpep3 (Figures 4 and 6b) corresponds to a loop region
that connects helix 21 of domain III with helix 22 of domain
II, and includes two turns of helix 22 (Figure 4). The
peptide forms a hairpin-like structure on the surface of the
five-helix bundle in domain III. Sequence alignment places
a Glu532→Lys mutation in Sly1 (a yeast Sec1 homologue,;
neuronal s-Sec1 Glu468) within the Secpep3 sequence.
This mutation has been shown to suppress the requirement
for Rab protein (Ypt1p) function in the endoplasmic reticu-
lum to Golgi transport pathway [46]. The Sly1 mutation
does not seem to affect the high-affinity interaction with its
t-SNARE Sed5p, however [19]; a finding that is consistent
with the n-Sec1–syntaxin-1a structure [25]. Likewise, the
Caenorhabditis elegans unc-18 mutation Glu547→Lys (neu-
ronal s-Sec1 Glu468; Figure 6b) has been implicated in
neurotransmitter release [40]. Together, these data indicate
that this region in domain III might affect secondary signals
that drive dissociation of Sec1–syntaxin complexes. It has
been proposed that Sly1p and Ypt1p function interdepen-
dently, and Rab proteins regulate SNARE complex forma-
tion via Sec1 [60]. Similar results were obtained in the
vacuolar protein-sorting pathway of yeast where the
t-SNARE Pep12p binds Vac1p, which itself interacts with
the Sec1 homologue Vps45p. This places the GTPase,
Vps21p, which acts on Vac1p in close proximity to Sec1
action and underlines its central regulatory role [61–63].
Rab function might be brought about by the hairpin-like
structure of the corresponding Secpep3 sequence. The
mainchain rmsd between the matching regions is 1.7 Å
despite a four amino acid insertion in s-Sec1 preceding the
Secpep3 region (Figure 4) and a crystal contact within the
s-Sec1 Secpep3 region. The structural conservation of this
partly exposed region between s-Sec1 and rat n-Sec1
underlines a conserved function. 
ROP null mutations in Drosophila are lethal; this may be
because of a block in synaptic vesicle exocytosis [33]. The
Drosophila ROP point mutations Asp45→Asn and
His302→Tyr exert an inhibitory function whereas
Arg50→Cys and Pro253→Ser have been reported to
increase neurotransmitter release [36]. The s-Sec1 residue
Asp31 (ROP Asp45) is highly conserved among Sec1 pro-
teins and maps to the N-terminal portion of helix 3 in
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Figure 6
Surface representations of n-Sec1. (a) View
approximately matching the orientation shown
in Figures 2a and 5a. The homologous s-Sec1
residue of rat n-Sec1 (Thr574) that can be
phosphorylated by Cdk5 [42] is shown in
brown. A Drosophila ROP mutation affecting
syntaxin-1 binding (s-Sec1 Arg36; n-Sec1
Arg39) and a mutation close to the syntaxin-
1a-binding site (s-Sec1 Asp31; n-Sec1
Asp34) [25] are coloured yellow. (b) Rotation
of s-Sec1 by approximately 180°. The
residues corresponding to the peptide
sequence of Secpep3 are in green. The 
s-Sec1 positions corresponding to reported
point mutations that influence
neurotransmitter release and/or other effector
molecule functions are colored yellow:
Drosophila ROP His302 corresponds to 
s-Sec1 His290; s-Sec1 Glu468 might be a
homologue of yeast Sly1 Glu532→Lys [46];
s-Sec1 Glu468 might also match the
C. elegans unc-18 mutation Glu547→Lys
[40]. A potential PKC phosphorylation site in
s-Sec1 (Thr301) is shown in brown.
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domain I (Figures 4 and 6a). The Asp31 sidechain con-
tacts the mainchain at Leu33 and participates in the
formation of a large negatively charged surface
(Figures 3a,b). The s-Sec1 residue Arg36 (ROP Arg50;
Figures 4 and 6b) is also within the prominent acidic
region (Figure 3a) and locates to α helix 3 in domain I
forming a salt bridge to Asp145 of domain II; the homolo-
gous residue in the rat n-Sec1–syntaxin-1a complex con-
tacts syntaxin-1 [25]. The conserved s-Sec1 residue
His290 (ROP His302) does not make any specific contacts
and maps to a loop region connecting helix 12 and the 310
helix η6 in domain III. Interestingly, the s-Sec1 residue
Pro239 (ROP Pro253) lies within the most conserved
region of Sec1 proteins (310 helix η4; Figure 4). Pro239 is
part of a large hydrophobic cavity surrounded by Pro236,
Leu240, Leu407, Leu581 and Leu576. This indicates that
both ROP residues His302 and Pro253 could be important
for the integrity of the structure. However, their opposing
effect on neurotransmitter release remains to be deter-
mined. In contrast, ROP residues Asp45 and Arg50 are
directly or closely involved in syntaxin-1 binding [25].
There are no structural changes at these positions in both
the s-Sec1 and n-Sec1–syntaxin-1a complex structures.
Therefore, mutations at these positions might not only
interfere with syntaxin-1 binding (ROP Arg50; n-Sec1
Arg39; s-Sec1 Arg36), but might also influence other effec-
tor proteins and thus explain their opposing effects. On
the basis of the Drosophila mutants it has been suggested
that ROP acts as a rate-limiting factor in exocytosis with
both positive and inhibitory roles in secretion, similar to
the dual function attributed to neuronal s-Sec1 [16,36].
The structural assignment of the mutations (Figure 6) is
largely consistent with this idea. Therefore, the dual role
of neuronal Sec1 in exocytosis might be also determined
by mechanisms other than syntaxin-1 binding.
Biological implications
Sec1 homologues have been implicated in the regulation
of exocytosis through their interactions with a wide
number of effector proteins. Their interaction with
t-SNAREs of the syntaxin family places Sec1 molecules
in a central prefusion step of vesicle exocytosis that pre-
cedes SNARE complex formation [13].
The crystal structure of the neuronal squid protein 
s-Sec1 reveals local structural differences when com-
pared with the structure of a complex formed between
rat n-Sec1 and syntaxin-1a. The overall fold and domain
organization of these mammalian and invertebrate Sec1
proteins is very well conserved. This high degree of
structural conservation is consistent with an essential
role of these proteins in exocytosis. This similarity
strongly indicates that the local structural differences
observed between the free and complexed Sec1 proteins
are due to syntaxin-1a binding rather than differences
between species. We suggest, therefore, that changes in
the conformation of β strands 9 and 10 and helices 14
and 15 might be sufficient to trigger the release of syn-
taxin-1a to facilitate its engagement in SNARE complex
formation and membrane fusion [25].
The crystal structure of s-Sec1 shows a number of mol-
ecular surfaces that might potentially be involved in
effector protein interactions. Future studies, based on
the structure reported here and the structure of the rat
n-Sec1–syntaxin-1a complex established by Misura
et al. [25], should help to elucidate the precise role of
Sec1 in the sequence of events leading to fusion, includ-
ing t-SNARE recruitment to the docking site, and its
dissociation via either Rab-mediated effector molecule
binding, phosphorylation, and/or tomosyn, Mint protein
or DOC2 binding [13,52,64–66].
Materials and methods
Crystallization and data collection
SeMet-derivatized s-Sec1 was expressed, purified and crystallized as
described [53]. The amino acid sequence of neuronal s-Sec1 deviated
from the published sequence in the following positions, Val278Leu,
Gly308Ala, Gly349Ala, Gly432Ala and Gly471Ala as determined by
DNA sequencing. Crystals in space group P21 with unit-cell dimensions
of a = 49.0 Å, b = 122.0 Å, c = 69.0 Å, β = 104.5° grew in storage
buffer containing 20 mM K-HEPES pH 7.4, 100 mM KCl, 20 mM DTT
at a protein concentration of 6 mg/ml at 4°C. For data collection at
cryogenic temperatures, the crystals were dialyzed into storage buffer
containing 35% (v/v) glycerol at 4°C. Crystals were subsequently flash
cooled in liquid nitrogen. MAD data sets (crystal 2) were collected to a
resolution of 3.2 Å at beamline BM14 of the European Synchrotron
Radiation Facility (ESRF, Grenoble, France) at wavelengths of
0.9790 Å (peak) and 0.8855 Å (remote). X-ray diffraction data to 2.4 Å
resolution (crystal 1) were collected from a different SeMet crystal at
the ESRF beamline ID 14 EH-4 at a wavelength of 0.9393 Å.
Structure determination and refinement
X-ray diffraction data were processed using the program packages
DENZO and SCALEPACK [67] (crystallographic statistics are summa-
rized in Table 1). Utilizing the anomalous differences from the peak
wavelength data (of the 3.2 Å diffracting crystal) 16 out of the expected
21 Se sites were located using the SnB program [68]. It is noteworthy
that one out of approximately 15 trial solutions in SnB was correct,
despite the limited resolution of the data. Heavy-atom parameters were
refined using the program SHARP [69]. Density modification by solvent
flattening (with the program Solomon [70]) resulted in a good map at
3.2 Å resolution. Data sets from crystals 1 and 2 were slightly non-iso-
morphous. Starting from the known heavy-atom positions, single-wave-
length anomalous dispersion (SAD) phases were obtained from the
weak anomalous signal of crystal 1. The MAD experimental phases to
3.2 Å from crystal 2 and the SAD phases to 2.4 Å from crystal 1 were
used for cross-crystal averaging combined with solvent flattening and
histogram matching with the program DMMULTI [71,72] and a unity
matrix for the transformation. This phase extension procedure to 2.4 Å
improved the map quality. Sequence assignment was guided by the
SeMet positions and model building was performed with the program O
[73]. Refinement of neuronal s-Sec1 was performed with the program
CNS [74] employing all measured reflections of the crystal 1 ‘native’
dataset (Table 2) to 2.4 Å resolution using torsion angle simulated
annealing, positional and B-factor refinement together with several
rounds of manual rebuilding. Statistics for data collection, phasing and
refinement are included in Tables 1 and 2. The final structure contains
residues 2–263, 275–312, 321–508 and 534–591 and 69 water mol-
ecules and has an R factor of 24.0% for all reflections. An Rfree of
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27.7% was obtained from a subset of 5% of the data that were
excluded from the refinement. The model has good stereochemistry with
an average bond length and bond angle deviation of 0.007 Å and 1.35°
rms, respectively. 
Accession numbers
Coordinates have been deposited in the RCSB Protein Data Bank
(accession code 1EPU).
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